Abstract
Introduction
Numerous studies have shown that current perceptual decisions can be affected by recent 3 history. Using continuous measures of perception (reproducing the presented stimuli or rating 4 on a scale), it has been shown that visual perception at a given moment is biased towards the 5 recently seen stimuli (i.e., a positive serial dependence). This has been established for various 6 attributes, from basic features including orientation (Cicchini, the serial dependence on the previous response observed in many studies is an action-21 independent effect or a motor-related bias. In fact, when a trial-by-trial random response cue 22 is used to indicate the stimulus-response mapping and thus decorrelate the perceptual choice 23 and motor response, a positive correlation was found between previous and current perceptualchoices, but an alternation bias was revealed for motor response ( We addressed three questions in current study. First, is orientation discrimination at threshold 4 (75% correct) dependent on recent history? If so, is it the stimulus or response that influences 5 current perception? Second, can we observe individual differences in serial dependence for 6 orientation discrimination at threshold? Third, if previous response is found to affect current 7 perception, is the effect due to perceptual choice or motor response? Do serial dependences 8 from perceptual choice and motor response operate in opposite directions and induce individual 9 differences in the overall serial effect? To address these questions, we took advantage of the 10 large dataset of 55,000 trials (N = 29, 1920 trials per participant) from our recently published 11 study (Zhang et al., 2019) , described here as Experiment 1 and which used a consistent 12 stimulus-response mapping, and conducted a new Experiment 2 which employed both 13 consistent and random stimulus-response mappings. To preview the results, we found that the 14 response instead of stimulus influenced subsequent perception. There were individual 15 differences in the sign of the serial effect (positive or repulsive bias) when using the consistent 16 stimulus-response mapping. With a random stimulus-response mapping, there was a significant 17 positive serial bias for choice in all participants, and a significant repulsive bias for motor 18 responses. 19
20

Methods
21
Experiment 1 involves a reanalysis of the vast amount of data collected for the experiment 22 reported in a recently published paper (Zhang et al., 2019) . The reanalysis will examine serial 23 dependence in the orientation discrimination task used in that experiment. Experiment 2 is a 24 new one following up results from the serial dependence analysis.
1
Participants Twenty-nine students (7 male) from the University of Sydney, aged 18-35 years, 2 participated in Experiment 1, and all of them were naive to the purpose of the experiment. 3
Twenty-seven new students (13 male) from the University of Sydney, aged 18-32 years, 4 participated in Experiment 2, 24 of whom were naive to the purpose of the experiment. All the 5 participants from Experiment 1 and 2 had normal or corrected-to-normal vision and normal 6 audition. The study was approved by the Ethics Committee of the University of Sydney, and it 7 was carried out in accordance with the Declaration of Helsinki. Participants gave informed 8 consent before commencing the experiments. 9
10
Apparatus The apparatus is the same as used in our published study of behavioural oscillations 11 (Zhang et al., 2019) . For readability, it is described here again as follows. The experiment was 12 run in a dimly lit room (ambient luminance, 2.1 cd/m 2) . A PROPixx color projector (VPixx 13 Technologies Inc.) was used to present visual stimuli on a matte white PVC screen (Epson 14 ELP-SC21B, 1771 × 996 mm) with a resolution of 1920 × 1080, a frame rate of 120 Hz and it 15 cast an area of 117 × 66 cm (45.4° × 26.5° of visual angle). The projector was set to quadrant 16 mode, thereby resulting in a resolution of 960 × 540 pixels and a frame rate of 480 Hz when 17 displaying images. The luminance output of the projector was linearized. Participants' heads 18 were maintained as stationary by using a chin-and-forehead rest at a viewing distance of 1.4 19 m. The sound stimuli were delivered bilaterally through headphones (Sennheiser HD 380 pro). 20
All the experimental programs were developed with Matlab 2015a (MathWorks Inc., Natick, 21 MA) and Psychophysics Toolbox. 22
Stimuli and experimental procedure The essential points concerning stimuli and procedure for 1 Experiment 1 are summarised here and full details can be found in the Methods section of 2 Zhang et al. (2019) . The new experiment is described in full. 3
In both experiments, participants were required to discriminate two orientations (45 clockwise 4 or anticlockwise, i.e., 45° or -45°) of a grating by clicking mouse buttons (Figure 1 ). The 5 grating spatial frequency was 2.5 cpd and it was embedded in additive white noise and then 6 multiplied by a Gaussian annulus window which peaked 1.0° away from the central cross and 7 had a standard deviation of 0.3°. The white noise was randomly generated on each trial, was 8 Figure 1 Illustration of the procedure for both experiments. Participants fixated the central cross during trials which were self-initiated by the participant by a voluntary key-press to begin each trial. After a variable time (0-800 ms), a grating (+45° or -45°) embedded in noise was presented for 6.3 ms around the fixation cross. Noise contrast was constant at 30% but grating contrast was varied to maintain threshold-level discrimination performance. Participants indicated which grating orientation (45° or -45°) they perceived using a twobutton mouse. In Experiment 1, there was no response cue and the orientationbutton mapping (either left click for -45° and right click for 45°, or the reverse order) was consistent for each participant but counterbalanced across participants. In Experiment 2, a visual response cue was presented after the target (two lines, 45° and -45°, either side of fixation) and remained until participants responded. In the first task, the order of the cue lines was random on each trial (either as shown, or left-right flipped). In the second task, the response cue order was the same for each participant but was counterbalanced across participants. Participants indicated orientation by choosing the location of the line that matched the grating and pressing the corresponding (left or right) mouse button. constant in contrast (30%) and was filtered to make its spatial frequency match the grating's 1 spatial frequency. The target was presented on a grey background (92.7 cd/m 2 ) for a duration 2 of 6.3 ms (3 video frames). Participants pressed a green button on the RESPONSEPixx (VPixx 3 Technologies Inc.) using their left thumbs to initiate a trial and maintained their fixation on a 4 central cross (0.35° wide) throughout. The target was presented 0-800 ms after the button-press 5 after which participants reported which orientation they perceived by clicking one of two 6 mouse buttons with their right hands. was counterbalanced across participants. In the other task, the left/right order in the response 2 cue was randomized on every trial. All participants in Experiment 2 did both response tasks, 3 with the randomised mapping always completed first, followed by the fixed mapping. 4 5 Participants were instructed that there was no time pressure to make a response and that the 6 experiment was self-paced. There was no feedback regarding whether their response was 7 correct or not and they were required to wait at least 2 s before pressing the button to start next 8 trial. If they pressed the button too early, they would hear a brief beep (1000 Hz, 20 ms) and 9 they waited two more seconds before they could initiate the trial. Before formal testing, we 10 used an Accelerated Stochastic Approximation (ASA) procedure to adjust the contrast of the 11 grating for each participant to yield 75% correct responses for discriminating the grating's 12 orientation. This contrast value was then used for the first 30 trials in the formal experiment, 13 after which the contrast value was adjusted trial by trial using the same ASA procedure based 14 on performance in the preceding 30 trials to ensure that performance was maintained around 15 both the perceptual sensitivity and criterion (decision bias) contribute to observer's decision.
If there is a bias caused by the recent history, a shift of decision criterion should be observed. 1
Here, we chose the anticlockwise condition as 'target' condition and the clockwise condition 2 as 'noise' condition (in a two-alternative, forced-choice context, the choice is arbitrary). That 3 is, the hit rate is the proportion of reporting 'anticlockwise' orientation when the anticlockwise 4 orientation was presented. The false alarm rate is the proportion of reporting 'anticlockwise' 5 orientation when the clockwise orientation was presented. A negative value of criterion means 6 a bias towards reporting 'anticlockwise' and a positive value means a bias towards 'clockwise'. 7
Criterion (c) was calculated using equation 1 below, where Z(HR) means the z-score of the hit 8 rate and Z(FAR) means the z-score of the false alarm rate. In Experiment 2, the inclusion of fixed and random mappings of stimuli and response buttons 22 meant that choice and the motor response were separable. We still used equations (1) and (2) 23 to calculate the influence of previous choices but in order to evaluate the previous response's 24 influence on current response, we borrowed an idea from signal detection theory. A criterioncorresponding to motor bias was computed with equation (1), but the meanings of hit rate and 1 false alarm rate were slightly different. We chose the left-click condition as the 'target' 2 condition and the right-click condition as the 'noise' condition. That is, the hit rate is the 3 percentage of left-clicks among trials on which the correct motor response was left-click, and 4 the false alarm rate is the percentage of clicking left among trials on which the correct motor 5 response was right-click. A positive criterion value means a bias towards a right click and a 6 negative criterion means bias towards a left click. Accordingly, the serial dependence index 7 ( -./01 ) was computed with equation 3, where a positive value indicates a positive serial 8 dependence and a negative value indicates a repulsive effect. 9
-./01 = :/;.1 − 3701 (3) 10
Results
11
Experiment 1 In order to examine the influence of previous choices on current perception, we 12 need to remove the potential artefact of serial dependence caused by other factors, such as, for 13 example, a relatively long-term preference for one choice within a block. Participants did 30 14 blocks in total and we calculated the bias in each block using equation 4. 15 The Bias should be zero, if there is no bias. The variance of the bias across blocks could 19 potentially produce an artefactual serial dependence. To evaluate whether such an artefact did 20 indeed produce a serial dependence effect, we shuffled the trial sequence in each block as this 21 would ruin any serial dependence effect within a block but would still preserve any overall 22 response bias within the block. Then, we calculated the serial dependence index -./01 with 23 equation (2) to evaluate the influence of previous choices on current choices. We repeated thisprocedure 1000 times and computed the mean of the 1000 -./01 estimates. This mean value 1 quantifies any artefactual serial dependence effect due to variations in response bias. We 2 conducted this analysis for every participant, testing for artefactual serial dependence from the 3 previous 1-5 trials. 4 5 As shown in Figure 2A , one-sample t-tests against zero revealed that there was a positive serial 6 dependence artefact for each level of n-back (1-5) choices: t(28) = 3.94, 3.84, 3.73, 3.95 and 7 3.90, respectively, for 1-5 n-back analyses; all ps < 0.001. In contrast, there was no serial 8 dependence artefact for any n-back level when serial dependence was calculated based Because the grating was present at threshold, the stimulus and choice were highly correlated 10 (75% accuracy). Thus, it is difficult to investigate whether it was the previous stimulus or the 11 previous choice that affected current perceptual decision making. To separate the contribution 12 of stimuli and choices, we examined the influence of one on current perception by controlling 13 the other's influence. For example, to examine the influence of the previous stimulus, we 14 calculated -./01 for trials preceded by an anticlockwise choice and trials preceded by 15 clockwise choice, respectively, and then averaged these two values. We did the same to 16 calculate the influence of previous choice by averaging the -./01 for trials preceded by 17 clockwise and anticlockwise stimuli. As shown in Figure 3A therefore decided to conduct further analyses to determine whether individual differences 7 caused the non-significant group mean result for the one-back choice-based analysis shown in 8 Figure 1A . 9
For our analysis of individual participants, we tested for serial dependence based on both 11 previous stimulus and previous choice in each participant's data using permutation tests. We 12 shuffled the trial sequence within each block and calculated the serial dependence index, -./01 . 13
We repeated this procedure 1000 times, producing a null distribution of -./01 . The p value was 14 calculated by the proportion of the 1000 -./01 values that were greater than the -./01 value 15 computed with the original data (i.e., one-tailed test) when the original -./01 value was 16 positive. When the original -./01 value was negative, the p value was the proportion of the 17 1000 -./01 values that were smaller than the original -./01 value. For the choice-based 18 analysis, we found that there were large individual differences, with 10 participants showing 19 significant positive serial effects, 12 participants showing no bias, and 7 showing significant 20 repulsive effects ( Figure 3C ). In contrast, for serial dependence calculated on previous 21 stimulus, we found significant results for only 2 out of 29 participants, suggesting a consistent 22 non-effect across participants. Furthermore, we looked at the persistence of serial dependence 23 over several levels of n-back by dividing participants into two groups based the sign of -./01 24 ( Figure 3D We also looked at the individual differences for one-back serial dependence for the single 1 mapping task, just as we did in Experiment 1. By performing a permutation test on each 2 participant's data, we showed that participants variously had a positive bias (N = 12), a 3 repulsive bias (N = 4) or no bias at all (N = 10) towards the previous choice/response (Figure  4 4C). Note, the same group of people showed a consistent positive bias towards one-trial back 5 Figure 4 The analysis results on serial dependence for experiment 2. Error bars represent 95% confidence intervals. Symbols, ***, **, and *, mean p < 0.001, p < 0.01, and p < 0.05, respectively. A. The serial dependence on previous choice (light gray bars) and response (dark gray bars) in the single mapping task. The x axis indicates the analysis on N trials back from the current trial. The y axis is the serial dependence index (C shift), with a positive value meaning positive serial dependence. B. The serial dependence on previous choice (light gray bars) and response (dark gray bars) in the random mapping task. The x axis indicates the analysis on N trials back from the current trial. The y axis is the serial dependence index (C shift). C. Serial dependence on previous one-back choice (light gray bars) and response (dark gray bars) for each participant in the single mapping task. D. Persistence of serial dependence for two groups of participants in the single mapping task: one with positive serial dependence on the one-back choice (light gray bars) and the other with negative serial dependence on the oneabck choice (dark gray bars). choice in the random mapping task. We divided participants into two groups based on the sign 1 of their one-back serial dependence (negative or positive -./01 ) to check the persistence of 2 serial dependence over greater n-back distances ( Figure 4D ). For people with a positive one-3 back effect, the amplitude of serial dependence decreased as the temporal distance increased 4 back serial dependences ( Figure 4D ) was similar to the serial dependence on the previous 10 choice or previous motor response in the random mapping task. This suggests that the 11 individual differences for one-back choice/response we observed in Experiment 1, and in the 12 single mapping task of Experiment 2, reflect the different weighted average of positive bias for 13 perceptual choices and repulsive bias for motor responses. 14 15
Discussion
16
In two experiments, the current study examined serial dependence in orientation discrimination 17 under conditions of stimulus uncertainty (contrast controlled at threshold level). By well-18 controlled data analysis and manipulation of stimulus-response mapping, we clarified the roles 19 of stimulus, perceptual choice, and motor response in serial effects. Our results showed that 20 the physical stimulus per se did not influence subsequent perceptual decision making but that 21 the percept of the stimulus did affect subsequent perceptual choices in an attractive way. In 22 addition, we found that the motor response exhibited a negative serial dependence, being 23 repelled away from the preceding motor response. Moreover, when the choice-response 24 contingencies were consistent and thus inseparable, individual differences in overall serialeffect was observed, which was likely due to different observers giving different relative 1 weights to the positive bias for perceptual choice and the repulsive bias for motor response. showed that beta-band (12-30 Hz) activities in motor cortex predicted response alternation. 10
Together with previous studies, the repulsive serial effect on motor response suggests that 11 during perceptual decision making, the final action is not only a faithful output of perceptual 12 choice, even if the task setting encouraged a sequential process. In other words, the motor 13 system itself also actively contributes to response selection. 14 15 Why is the serial dependence on motor response repulsive? One possibility is because of motor 16 efforts. It has been proposed that motor control is decision making (Wolpert & Landy, 2012 possible that repetitively clicking the same button caused muscle fatigue, especially during a 22 long testing session (a one-hour session for the task with random stimulus-response mapping). 23 The alternating motor bias may help in this case to reduce motor fatigue. Another possibility 24 is that the repulsive bias results from the exploratory nature of the action. For example, whenactively searching for an object in the environment, we voluntarily saccade away from the 1 region that was previously fixed, a phenomenon known as inhibition of return in visual search 2 (Klein & Maclnnes, 1999) . To initiate a different action to explore the outside world is 3 beneficial after a failure of the previous motor exploration (e.g., more likely to find the target). 4
Because the perceptual decision making in the current study was under conditions of 5 uncertainty, and observers did not receive any feedback regarding 'right' or 'wrong' responses, 6 the observers were likely to switch responses after an unsure response. 7
8
As used in many studies, the stimulus-response mapping is often consistent during the task, 9 which causes individual differences on serial dependence. This is because the overall serial 10 dependence is the weighted average of positive serial dependence from perceptual choice and 11 repulsive serial dependence from motor response. Different observers have different inherent 12 preferences for these two types of serial dependence. Future studies can further examine 13 whether these individual preferences are related to other intrinsic biases, e.g., the exploration 14 
